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Abstract
Background: Search for materials that may either replace titanium dental implants or constitute an alternative as a
new dental implant material has been widely studied. As well, the search for optimum biocompatible metal
surfaces remains crucial. So, the aim of this work is to develop an oxidized surface layer on tantalum using plasma
electrolytic oxidation (PEO) similar to those existing on oral implants been marketed today.
Methods: Cleaned tantalum samples were divided into group 1 (control) and groups 2, 3, and 4 (treated by
PEO for 1, 3, and 5 min, respectively). An electrolytic solution diluted in 1-L deionized water was used for the
anodizing process. Then, samples were washed with anhydrous ethyl alcohol and dried in the open air. For
complete anodic treatment disposal, the samples were immersed in acetone altogether, taken to the
ultrasonic tank for 10 min, washed again in distilled water, and finally air-dried. For the scanning electron
microscopy (SEM) analysis, all samples were previously coated with gold; the salt deposition analysis was
conducted with an energy-dispersive X-ray spectroscopy (EDS) system integrated with the SEM unit.
Results: SEM images confirmed the changes on tantalum strips surface according to different exposure times
while EDS analysis confirmed increased salt deposition as exposure time to the anodizing process also
increased.
Conclusions: PEO was able to produce both surface alteration and salt deposition on tantalum strips similar
to those existing on oral implants been marketed today.
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Background
The use of materials that come into direct contact with
human tissues such as the bone requires maximum bio-
logical security. These materials remain for a long period
of time or even indefinitely in the human body, and no
negative reactions, like toxicity or carcinogenic effects,
shall be acceptable.
For this reason, biocompatibility of new materials has
been widely studied, and only after a lot of testing, they
can become ready for use in biomedical areas. Titanium
is one of these materials, and it is used for implant
applications due to its favorable weight-to-strength ratio
and good biological performance in the bone, which is
intimately dependent on surface properties such as sur-
face roughness, surface chemistry, and wettability [1].
Such features of titanium have led researchers from
many different fields to seek alternative materials. As a
result, in recent years, a lot of progress has paved the
way to creating innovative biomaterials in order to better
existing treatments and develop new ones for improved
quality of life of patients [2]. One of these materials that
may either replace titanium dental implants or consti-
tute an alternative as a new dental implant material is
tantalum. This metal was first used for dental implants
in 1962. However, problems with costs, metallurgical
processes, and poor design have left this material in the
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background. Today, because of its biocompatible proper-
ties and biomechanical qualities associated with new
production processes, newly obtained sources, and new
dental implant designs, a growing interest in its use in
implant dentistry has developed [3].
At the same time, the crucial search for the best bio-
compatible metal surface has led to the development of
surface treatments that aim to create an ideal topog-
raphy for cell proliferation, protein adhesion, and better
mineral salt deposition [4–6] on titanium dental im-
plants. In order to achieve this purpose, a large number
of methods have been used over the last decade to
change dental implant surface texture, including grit
blasting, acid etching, and anodization [7]. One of these
processes is plasma electrolytic oxidation (PEO), also
known as micro-arc oxidation (MAO) or anodic spark
deposition (ASD). This process was slightly modified in
2000 when the TiUnite™ dental implant surface was in-
troduced. The results were very satisfactory [8, 9], and
now, TiUnite™ is the major surface treatment applied on
titanium dental implant patterns.
In this way and following the successful results already
obtained with Titanium, this study aimed to develop an
oxidized surface layer on Tantalum samples and, subse-
quently, analyze the samples’ topography and levels of
salt deposition using an electronic microscope.
Methods
Tantalum
We used 60 strip-shaped samples of tantalum with the fol-
lowing dimensions: 7 mm wide, 11 mm long, and
0.01 mm thick (Kurt J. Lesker Company—USA, 99.95 %
purity). The samples were washed in distilled water and
Table 1 Distribution of groups
Groups Plasma electrolytic
oxidation—time (min)
Voltage (V) Current (A)
1 – –
2 1 ΔU = 160 to 200 V ≅0.18
3 3 ΔU = 160 to 280 V ≅0.19
4 5 ΔU = 160 to 300 V ≅0.18
Fig. 1 Group control
Goularte et al. International Journal of Implant Dentistry  (2016) 2:12 Page 2 of 12
placed in an ultrasonic tank containing acetone (Ultra
Sonic-1440 Plus—Odontobrás, Ribeirão Preto/SP, Brazil)
to remove residues. Then, they were divided into four
groups: in group 1 (control), tantalum received no treat-
ment; in group 2, strips of tantalum were treated using
PEO for 1 min; in group 3, tantalum strips were treated
using PEO for a 3-min exposure; and in group 4, tantalum
strips were treated using PEO for a 5-min exposure. This
is shown in Table 1.
Then, the samples were washed with anhydrous ethyl
alcohol (99.3° INPM, BM Anhydrous Alcohol Cycle, Ser-
rana/SP).
Anodizing process
A self-organized porous surface of tantalum (Ta) was ob-
tained through oxide formation of Ta using the PEO
process. The anodizing process was conducted using
an electrolytic solution containing 0.2 mol calcium
acetate Ca (CH3CO2)2 H2O and 0.02 mol sodium
glycerophosphate (hydrated salt) C3H7Na2O6P diluted
in 1-L deionized water [10–13].
Following Yerokhin [14], in order to perform the
anodizing process, Ta sample surfaces were previously
cleaned in ethanol and distilled water and then air-jet
dried. Then, the samples were immersed in the elec-
trolyte solution and connected to an open circuit,
where Ta was the anode (connected to the positive
pole), and to a platinum plate functioning as a cath-
ode (connected to the negative pole). Samples were
treated in a reactor, driven by an electric system con-
sisting of the following components: AC power source
with variable output voltage, a transformer, a rectifying
circuit, a circuit breaker, an ammeter, and a voltmeter. An
oscilloscope was used to verify the waveform after rectifi-
cation [12]. The processing system is composed of the
electrode support and the electrolyte tank [12]. During
treatment, the temperature of the electrolytic solution was
measured by a portable thermometer.
Fig. 2 Group 2—1 min
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Within a 50-mL tank, the electrolytic solution as de-
scribed above received a voltage variation of 160 V initial
tension at zero time and a final tension at the preset
end-time for each group of samples. There was a gradual
increase in voltage due to the maintenance of a fairly
constant current at around 0.15 to 0.25 A. The electro-
lytic solution was periodically changed to prevent solu-
tion saturation. In group 2, the solution was changed
every four anodizing processes, namely every four treated
samples; in group 3, the solution was changed every two
anodizing processes, namely every two treated samples; in
group 4, the solution was changed every anodizing
process, that is, every one treated sample. The experiment
was conducted at room temperature.
Following completion of the anodizing process, the
samples were quickly removed from the solution,
washed with distilled water, and dried in open air. For a
complete disposal of the anodic treatment, the samples
were immersed in acetone altogether (Lot PA-55.317-
Delaware Supplier, Porto Alegre/RS, Brazil) and taken to
the ultrasonic tank (Ultra Sonic-1440 Plus—Odontobrás,
Ribeirão Preto/SP, Brazil) for 10 min, washed again in
distilled water, and finally air-dried.
Scanning electron microscopy
All samples were coated with gold prior to scanning
electron microscopy (SEM), which was performed with
an EVO-LS15 (Zeiss). Observations were made at mag-
nifications between ×500 and ×10.000 and limited to
20 μm for the ×500 and ×1.000 magnifications and to
2 μm for the ×5.000 and ×10.000 magnifications.
Analysis of salt deposition
The analysis of salt deposition on the samples, occurring
during the anodizing process, was performed using the
energy-dispersive X-ray spectroscopy (EDS) system (en-
ergy-dispersive X-ray detector (EDD) or EDX), which is
integrated with scanning electron microscopy unit.
Fig. 3 Group 3—3 min
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Table 2 Chemical analysis of surface (group 1 spectrum 1)





Table 3 Chemical analysis of surface (group 1 spectrum 2)





Fig. 4 Group 4—5 min
Table 4 Chemical analysis of surface (group 2 spectrum 1)






Table 5 Chemical analysis of surface (group 2 spectrum 2)
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Results
Surface treatment
The analysis of the images obtained by scanning elec-
tron microscopy confirmed the changes on the surface
of tantalum strips according to different exposure times.
In Fig. 1, we can observe Ta surface with grooves resulting
from the machining of the metal with no surface treat-
ment. As the magnitude increases, the image shows the
lines pattern with its peculiar characteristics from the
manufacturing of the tantalum strip. In Fig. 2, regular
pores can be seen all over the Ta surface after a 1-min
anodizing period (group 2). In addition, it is possible to
observe the formation of peaks and valleys of small ampli-
tude, creating an image of a slightly smaller increase in
the roughened surface. As we increase the magnitude of
the images, we notice the presence of whitish spots, which
are salt deposits resulting from oxidation. In Fig. 3, on a
3-min exposure period sample (group 3), changes in the
topography can be observed. In addition to the holes,
there are both deeper and higher areas. Salt deposition
has increased with increasing exposure. In Fig. 4, the sur-
face shows many changes (5-min exposure). Peaks and
valleys are quite visible, and salt deposition has spread all
over the surface; the topography, however, seems to re-
main the same as in the previous pattern, with a 3-min ex-
posure period.
Analysis of salt deposition
EDS analysis of the samples confirmed the increased
salt deposition as the exposure time to the anodizing
process also increased. The main chemical elements
found on the surface of the oxidized tantalum surface
were those ones which made up the PEO solution
(0.2 mol acetate calcium—Ca (CH3CO2) 2H2O and
0.02 mol of sodium glycerophosphate—C3H7Na2O6P).
Tables 2, 3, 4, 5, 6, 7, 8, and 9 show the weight ratios
and the atoms of the elements that make up two
given points (spectrum) of the field. These points
were randomly chosen in the sample.
Tables 2 and 3 show similar rates among the chemical
elements present on the non-treated tantalum surfa-
ce—group 1 (Fig. 5). In Tables 4 and 5 (group 2), calcium
(Ca) is included. The rates for the other chemical elements
are similar to the rates in group 1 (Fig. 6). In Tables 6 and
7, group 3 sample shows the basic chemicals present in
previous groups and similar rates (Fig. 7). Two chemical
elements, magnesium (Mg) and small quantities of so-
dium (Na), are included. There is a decrease in tantalum
(Ta) rate in the sample. Tables 8 and 9 show that the
chemical element rates are similar between the two spec-
tra of group 4 samples (Fig. 8). Another chemical element
is included: phosphorus (P). Tantalum rates decrease
whereas the oxidation layer increases.
Table 6 Chemical analysis of surface (group 3 spectrum 1)








Table 7 Chemical analysis of surface (group 3 spectrum 2)








Table 8 Chemical analysis of surface (group 4 spectrum 1)









Table 9 Chemical analysis of surface (group 4 spectrum 2)
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Fig. 5 EDS control
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Discussion and conclusions
The search for new biomaterials and biocompatible
metals has always been a common objective of human
rehabilitation research centers. In implant dentistry, ti-
tanium has successfully established itself as the material
of choice for dental implants. However, several studies
have reported cases of metal allergy caused by titanium-
containing materials [15–17] and some immune dys-
functions in certain patients chronically exposed to this
reactive metal [17]. Because of such constraints, research
Fig. 6 EDS 1 min
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Fig. 7 EDS 3 min
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has turned once again to tantalum, a high biocompatible,
inert, corrosion resistant metal that began to be studied
in the [3] 1940s. Implantology research became interested
in this metal in the 1960s, but the feedback from implant
dentistry was not positive at all. Factors such as high costs
and implant design prevented tantalum from being widely
Fig. 8 EDS 5 min
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accepted, and, therefore, its use was not as successful as
titanium’s.
Interestingly, despite limited tantalum use in ortho-
pedic implant devices [3], this metal has been used for
prostheses in Medical Orthopedics until today. In im-
plant dentistry specifically, the role of tantalum has been
changing due to certain factors. Firstly, its price is no
longer a constraint because the demand for this metal in
other technologies has increased, and new source areas
were discovered like, for example, the tantalum ore in
Brazil in 2008, which proved to be the biggest reserve of
tantalum in the world [18]. Secondly, the low success
rate reached previously is related to the fact that tanta-
lum was the pioneer metal for implantology and it was,
consequently, affected by the burden of innovation. The
first tantalum dental implants did not have appropriate
stability, and at that time, the knowledge about factors
associated with good implant installation procedures and
biomechanical aspects was not as advanced as it is today.
The process of osseointegration, for example, was first
described by Professor Bränemark only in 1977 [19].
Thirdly, there is a recent trend in research and develop-
ment of titanium alloys specifically for biomedical appli-
cations that addresses concerns with toxic effects of the
dissolution of aluminum and vanadium ions into the
host tissue as a result of corrosion wear of titanium alloy
(Ti6Al4V) [2]. In addition, chemical inertness and bio-
compatibility of Ta, similar to titanium’s and its oxides,
as a result of Ta oxides forming on the surface of Ta,
add positively to the abovementioned factors. An oxide
layer of Ta can form on the metal surface immediately
after the surface is exposed to oxygen, because Ta is
highly reactive to oxygen [3].
Thus, this study has examined the possibility of acti-
vating an alteration surface in tantalum using the ano-
dizing process, which is effective in other metals like
titanium. From our findings, it was possible to develop
time exposure protocols in order to obtain conductive
surface alterations similar to those already available from
some of the largest manufacturers of oral implants.
Scanning electron microscopy analyses showed satisfac-
tory topography patterns, very similar to the ones occur-
ring on titanium surfaces. In addition, the salt deposition
analyses showed an increased oxidation layer as expos-
ure time increased. In contrast, the presence of tantalum
on the strip surface decreased as the oxidation layer in-
creased in each group. Also, other chemical elements
from the electrolytic solution added to the strip surface
as exposure time and electrical potential increased on
the samples’ oxidation layer.
Despite these promising outcomes, the optimum com-
position of a chemically oxidized surface layer and the
necessary chemical elements for good bone formation
and good bone adherence are still unknown. Extensive
physical and chemical characterization of these surfaces
has been described in the literature, but in vitro bio-
logical responses to them have not been clarified yet [6].
Therefore, knowing the in vitro study limitations, we
strongly recommend further investigations in order to
establish the optimum protocol, learn about the ideal
surface composition of tantalum, and better understand
cytotoxicity and bone bioactivity.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
MAPCG contributed to the concept/design, data collection, data analysis/
interpretation, drafting of the article, critical revision of the article, and
approval of the article. GFB carried out the data analysis/interpretation,
drafting of the article, critical revision of the article, and approval of the
article. NCC contributed to the data collection, data analysis/interpretation,
critical revision of the article, and approval of the article. LMH carried out the
concept/design, data analysis/interpretation, critical revision of the article,
and approval of the article. We have effectively contributed to this work and
are familiar with its contents. We have read the final version and assume the
responsibility for its contents. We understand that if the work, or part of it, is
considered deficient or a fraud, we take shared responsibility with the other
authors.
Author details
1Department of Prosthodontics, Implantology Pontifical Catholic University of
Rio Grande do Sul - PUCRS, Av. Ipiranga, 6681 Prédio 06, Partenon, CEP:
90619-900, Porto Alegre, RS, Brazil. 2Clinical Department, Universidade
Luterana do Brasil - Torres (ULBRA-TORRES), Rua Universitária, 1900, Parque do
Balonismo, CEP 95560-000, Torres, RS, Brazil. 3Department of Engineering,
Universidade Estadual Paulista Júlio de Mesquita Filho, UNESP, Av. 3 de março,
511, Alto da Boa Vista, CEP: 18087-180 Sorocaba, SP, Brazil. 4Department of
Dental Materials, Pontifícia Universidade Católica do Rio Grande do Sul - PUCRS,
Av. Ipiranga, 6681 Prédio 06, Partenon, CEP: 90619-900 Porto Alegre, RS, Brazil.
Received: 18 November 2015 Accepted: 12 April 2016
References
1. Gittens RA, Olivares-Navarrete R, Cheng A, Anderson DM, McLachlan T,
Stephan I, et al. The roles of titanium surface micro/nanotopography and
wettability on the differential response of human osteoblast lineage cells.
Acta Biomater. 2013;9(4):6268–77. doi:10.1016/j.actbio.2012.12.002. Epub
2012 Dec 8.
2. Bauer S, Schmuki P, von der Mark K, et al. Engineering biocompatible
implant surfaces part I: materials and surfaces. Prog Mater Sci. 2013;58:
261–326. doi:10.1016/j.pmatsci.2012.09.001.
3. Bencharit S, Byrd WC, Altarawneh S, Hosseini B, Leong A, Reside G, et al.
Development and applications of porous tantalum trabecular metal
enhanced titanium dental implants. Clin Implant Dent Relat Res. 2013;16(6):
817–26. doi:10.1111/cid.12059.
4. Ziats NP, Miller KM, Anderson JM. In vitro and in vivo interactions of cells
with biomaterials. Biomaterials. 1988;9(1):5–13.
5. Ito Y, Kajihara M, Imanishi Y. Materials for enhancing cell adhesion by
immobilization of cell-adhesive peptide. J Biomed Mater Res. 1991;25(11):
1325–37.
6. Oliveira NC, Moura CC, Zanetta-Barbosa D, Mendonça DB, Cooper L,
Mendonça G, et al. Effects of titanium surface anodization with CaP
incorporation on human osteoblastic response. Mater Sci Eng C Mater Biol
Appl. 2013;33(4):1958–62. doi:10.1016/j.msec.2013.01.002. Epub 2013 Jan 11.
7. Mints D, Elias C, Funkenbusch P, Meirelles L. Integrity of implant surface
modifications after insertion. Int J Oral Maxillofac Implants. 2014;29(1):
97–104. doi:10.11607/jomi.3259.
8. Ivanoff C-J, Widmark G, Johansson C, Wennerberg A. Histologic evaluation
of bone response to oxidized and turned titanium micro-implants in human
jawbone. Int J Oral Maxillofac Implants. 2003;18(3):341–8.
Goularte et al. International Journal of Implant Dentistry  (2016) 2:12 Page 11 of 12
9. Schüpbach P, Glauser R. (2012) TiUnite®—a unique biomaterial. http://www.
nobelbiocare.co.jp/product/TiUnite.pdf. Accessed 11 Dec 2013.
10. Yao C, Webster TJ. Anodization: a promising nano-modification technique
of titanium implants for orthopedic applications. J Nanosci Nanotechnol.
2006;6(9-10):2682–92.
11. Kim K-H, Ramaswamy N. Electrochemical surface modification of titanium in
dentistry. Dent Mater J. 2009;28(1):20–36.
12. Antônio CA (2011) Deposição de filmes por plasma eletrolítico em ligas de
alumínio. MSc Dissertation, Universidade Estadual Paulista (UNESP). 2011.
http://www.athena.biblioteca.unesp.br/exlibris/bd/bba/33004056083P7/
2011/antonio_ca_me_bauru.pdf. Accessed 10 Dec 2013.
13. Li Y, Lee I-S, Cui F-Z, Choi S-H. The biocompatibility of nanostructured calcium
phosphate coated on micro-arc oxidized titanium. Biomaterials. 2008;29(13):
2025–32. doi:10.1016/j.biomaterials.2008.01.009. Epub 2008 Feb 13.
14. Yerokhin AL, Nie X, Leyland A, Matthews A, Dowey SJ. Plasma electrolysis
for surface engineering. Surf Coat Technol. 1999;122(2-3):73–93. doi:10.1016/
S0257-8972(99)00441-7.
15. Hosoki M, Nishigawa K, Miyamoto Y, Ohe G, Matsuka Y. Allergic contact
dermatitis caused by titanium screws and dental implants. J Prosthodont
Res. 2016. doi: 10.1016/j.jpor.2015.12.004. [Epub ahead of print].
16. Goutam M, Giriyapura C, Mishra SK, Gupta S. Titanium allergy: a literature
review. Indian J Dermatol. 2014;59(6):630. doi:10.4103/0019-5154.143526.
17. Vijayaraghavan V, Sabane AV, Tejas K. Hypersensitivity to titanium: a less
explored area of research. J Indian Prosthodont Soc. 2012;12(4):201–7.
doi:10.1007/s13191-012-0139-4. Epub 2012 Jul 13.
18. Cruz M. (2008) Maior mina de tântalo do mundo fica na Amazônia. http://
pib.socioambiental.org/pt/en/noticias?id=59582&id_pov=299. Accessed 16
Dec 2013.
19. Brånemark PI, Hansson BO, Adell R, Breine U, Lindström J, Hallén O, et al.
Osseointegrated implants in the treatment of the edentulous jaw.
Experience from a 10-year period. Scand J Plast Reconstr Surg Suppl.
1977;16:1–132.
Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
Goularte et al. International Journal of Implant Dentistry  (2016) 2:12 Page 12 of 12
